A novel hydrophilic stationary phase bonded with a zwitter-ionic polymer for HPLC was synthesized. The stationary phase, in combination with a mobile phase containing various salts, was evaluated for its ability to separate water-soluble compounds, such as nucleobases, nucleosides and glycosides. The retention of a large majority of the solutes, except for cytosine, was increased by adding anti-chaotropic ions to the mobile phase. These results suggested that the retention of solutes depended on the thickness of the hydration layer on the stationary phase. In the zwitter-ionic polymer adsorbent, the formation of the hydration layer and the ionicity of the zwitter-ionic group on the stationary phase will be controlled by the properties of the ions added to the mobile phase.
Introduction
Hydrophilic interaction chromatography (HILIC) for the separation of polar compounds was introduced in 1990 by Alpert, 1 and since then has attracted much attention. This separation mode is based on the hydrophilic interaction between the polar groups on the stationary phase and the solutes, and more hydrophilic solutes are more strongly retained on the stationary phase. The retention behavior of solutes on HILIC is generally opposite to that in the RP mode. HILIC is commonly used to separate hydrophilic solutes, such as saccharides, 2, 3 proteins, 4 peptides, 5 and pharmaceuticals. 6 HILIC uses polar stationary phases, such as bare silica gel and polar group bonded silica gels. 2 Ion-exchange resins 2, 7 and sulfobetaine bonded stationary phase 8 are also used. Formation ability of hydration layer on the stationary phase is essential for the retention of hydrophilic solutes. The sulfobetaine functional group is thought to be especially good at holding water, and might have a weak electrostatic interaction because of an exact balanced ionic moiety.
We previously reported that the solid-phase extractant having a sulfobetaine group showed a low affinity for a basic solute, and showed a high affinity for nucleobases and acidic solutes. 9 This suggested the existence of an ion exclusion interaction in the stationary phase. Further, it suggested that the participation of a zwitter-ionic interaction, because the adsorbent showed a specific affinity for tetracycline. 10 Therefore, to decrease the electrostatic interaction in the zwitter-ionic adsorbent, we synthesized a novel adsorbent bonded with a zwitter-ionic polymer consisting of imino and carboxyl groups. 11 The water content of the zwitter-ionic adsorbent was higher than that of the above-mentioned sulfobetaine type adsorbent.
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The zwitter-ionic adsorbent better retained hydrophilic solutes in HPLC separations. A good correlation between the logarithm of retention factors (log k) and the logarithm of octanol-water partition coefficient (log Po/w) for hydrophilic solutes was obtained, and the electrostatic interaction was drastically decreased. In the present study, we examined the retention behavior and selectivity on the zwitter-ionic adsorbent using a mobile phase containing various salts.
Experimental

Reagents
All reagents for synthesizing of the zwitter-ionic stationary phase were purchased from Wako Pure Chemical Industries (Osaka, Japan). Poly(diallylamine-maleic acid) copolymer (DAM, 40% aqueous solution) was purchased from Nitto Boseki (Tokyo, Japan). The analytes for HPLC were purchased from Wako Pure Chemical, except for adenosine, 5-methyluridine, arbutin and helicin (Tokyo Chemical Industries). All aqueous solutions of the analytes were prepared using water obtained from an Organo (Tokyo, Japan) PURE-LAB Ultra Analytic. One g L -1 stock standard solutions were prepared by dissolving 10 mg of them in 10 mL of water and stored at -20 C. One or 10 mg L -1 working standard solutions were prepared by diluting in acetonitrile, in which the final acetonitrile content was 95 or 99% (v/v).
Instruments and operating conditions
A Waters (Milford, MA) Alliance series HPLC system equipped with a 486 tunable absorbance detector was used. Operating conditions were as follows: mobile phase, 0.005 or 0.020 mol L -1 salt aqueous solution/acetonitrile; flow rate, 1.0 mL min -1 ; column temperature, 40 C; injection volume, 20 μL; detector, absorbance detector at maximum adsorption wavelength of each analyte. For the measuring of glucose, a home-made optical rotation detector, 12 which was constructed by using the optical system of a Jasco (Hachioji, Japan) CD-2095 Plus detector, was used instead of an absorbance detector.
Synthesis of DAM immobilized resin
DAM immobilized resin was synthesized as described previously.
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A base resin was prepared by a suspension copolymerization of glycidylmethacrylate and ethylenedimethacrylate. The copolymerization was performed at 70 C for 7 h with stirring. The obtained resin was classified at 8 -12 μm of particle size using a Nippon Pneumatic MFG (Mie, Japan) MDS-2 pneumatic classifier.
DAM was immobilized to the base resin in 1 mol L -1 NaOH-20% 2-propanol aqueous solution for 20 h at 60 C. The synthesized DAM immobilized resin was packed into a 150 mm × 4.6 mm i.d. of a stainless-steel HPLC empty column by the slurry packing method.
Results and Discussion
Retention properties using a mobile phase containing acetate and trifluoroacetate
Mixed solutions of acetonitrile and acetate or trifluoroacetate were used as the mobile phase to investigate the retention behavior of nucleobases, nucleosides and saccharides. Each 0.02 mol L -1 acid solution was adjusted to pH 7.0 by adding ammonium hydroxide or tetramethylammonium hydroxide. The composition of aqueous solution to acetonitrile was varied from 5 to 25% (v/v).
The retention behaviors of cytosine, adenine, adenosine and helicin are shown in Fig. 1 . Since the retention of each solute decreased with increasing aqueous solution, they were clearly retained by the hydrophilic interaction. Because the slopes of the regression lines in the mobile phase with different salts were different, the retention in this separation system was thought to be affected by the kind of salt. The retention factors (log k) of each solute at 95% (v/v) acetonitrile are compared in Fig. 2 . The retention factors of solutes, except for cytosine, increased in the order of CF3COONH4, CF3COO(CH3)4N, CH3COONH4, CH3COO(CH3)4N.
When compared with tetramethylammonium and ammonium cations, tetramethylammonium was effective for increasing the retention factors of solutes, except for cytosine. Similarly, the acetate was effective for increasing the retention factors of the solutes in a comparison with trifluoroacetate.
The swelling of an ion exchange resin varies according to counter ions, and depends on the hydration property and hydration radius of counter ions. 13, 14 Also, the swelling order of ion-exchange resin with various counter ions is as follows: This order conforms well to the Hofmeister series, and is similar to the Anti-chaotropic series. A change of the swelling in the ion exchange resin would be equivalent to a change of the water contents in the resin. A change of the water contents based on the counter ion might also occur in a zwitter-ionic adsorbent. In this experiment, the retention factors of solutes were reduced by adding trifluoroacetate. Because the trifluoroacetate is widely used as a denaturing agent of protein, it is estimated that it has stronger chaotropic property than acetate. Therefore, it was suggested that the water content on the stationary phase was reduced by the chaotropic property of trifluoroacetate.
Okada and coworkers 15, 16 have studied the ionic interaction of probe ions on zwitter-ionic surfaces in detail. The partition of ions to zwitter-ionic surfaces depends on the nature of anions, and is not strongly affected by cations. Anions having a lower hydration property tend to associate with cation site of the zwitter-ionic functional group. The association of cations with anion site is independent of their nature, but is strongly affected by the nature of the coexisting anions. The thickness of hydration layer of the stationary phase will strongly depend on the properties of anions in the bulk solution if obeying an opinion of Okada and coworkers. If anions with low hydration characteristics, such as trifluoroacetate, associate to a stationary phase preferentially, the hydration layer will be decreased. Therefore, the retention of a neutral solute will be decreased by addition of low hydration anion. In this experiment, the change of the retention based on the difference of anions was larger than that based on cations. However, the affects of cations should be also considered, because the retentions of glucosides, such as salicin and arbutin, were clearly increased by adding tetramethylammonium.
On the other hand, the counter-ionic effect to cytosine was different from those of the other solutes. The separation performances of zwitter-ionic polymer adsorbent for nucleobases are influenced by the nature of their intramolecular hydrogen bonding or amenability for protonation. The overall retention behavior of cytosine would change by such factors, depending on the type of counter-ion.
Effect of sulfate in mobile phase on retention
The above results suggested that adding an anti-chaotropic ion to the mobile phase would increase the retention of solutes. Sulfate is most anti-chaotropic anion among common ions. A 0.005 mol L -1 sulfate solution without pH adjustment was used because of its lower solubility for acetonitrile. Sodium ions were found to prolong the retention of solutes more than ammonium ions (Fig. 3) . This result conformed to the Hofmeister series and the hydration number of each ion. 13, 14 On the contrary, the effect with acetate and sulfate on the retention was reverse to the order of the Chaotropic sreries. Concerning these results, it was estimated that the dehydration of sulfate was attributed to its lower solubility in acetonitrile.
Chromatograms of nucleobases and nucleosides utilizing sulfate and acetate mobile phases are shown in Fig. 4 . Although all analytes could not be completely separated under these conditions, the elution order of the solutes was opposite to that in RP mode, indicating that the separation is governed by hydrophilic interactions.
These results showed that the selectivity could be changed by choosing a counter-ion added to the mobile phase.
Effect of salts in mobile phase on retention of glucose
The finding that the DAM immobilized resin retained nucleosides and glycosides better than nucleobases suggested that the DAM immobilized resin has a high affinity to saccharides. Glucose was selected as an analyte to investigate the counter-ionic effect.
Four mobile phases were used, each with a salt concentration of 0.02 mol L -1 , without any pH adjustment. The composition of an aqueous solution to acetonitrile was varied from 10 to 30% (v/v). The results are shown in Fig. 5 . Glucose was definitely retained by hydrophilic interaction, because negative correlation to the composition of aqueous solution was obtained. The order of the retention of glucose was as follows: CF3COOH < CH3COONH4 < (CH3)4NOH = NH4OH. The hydrophilic interaction of glucose was reinforced by anti-chaotropic ions. The retention when CF3COOH was used was drastically decreased. It was estimated that this is probably because of the stronger chaotropic property of CF3COO -and the extreme decrease of hydration layer based on the dissociation repression of the carboxylic group.
Conclusion
The counter-ionic effect on the retention behavior of water-soluble solutes on the HPLC stationary phase bonded with a zwitter-ionic polymer was evaluated. The retention of the water-soluble solutes was reinforced by the addition of anti-chaotropic ions to the mobile phase. This retention behavior appears to be caused by a change of the hydration layer thickness based on ions added to the mobile phase because the order of the counter-ionic effect conformed to the Hofmeister series and the anti-chaotropic series. The choice of salt or ion added to the mobile phase affected to improve the retention and selectivity of water-soluble solutes on HILIC separation using a zwitter-ionic stationary phase. 
